The conducting oxide ferromagnets SrRuO 3 (SRO) and La 0.7 Sr 0.3 MnO 3 (LSMO) form a Ru exchange spring at a coherent low-interdiffusion interface grown on TiO 2 -terminated 
ferromagnetic order at the interface with increasing temperature, related to intermixing and charge transfer [15] . The latter can induce a magnetic Ti moment [11] . Another well-studied example is LSMO-BiFeO 3 [16, 17] , where the magnetoelectric antiferromagnet BiFeO 3 is used for an electrically controllable exchange bias and shows an induced interfacial Fe magnetic moment antiparallel to Mn.
In this work, the investigated coherent interface is between two ferromagnets, LSMO and SrRuO 3 . This interface has received substantial interest (e. g., [6, 7, [18] [19] [20] [21] [22] [23] ), mostly because of its very strong Mn-O-Ru exchange coupling which is antiferromagnetic. There is a strong exchange bias effect on LSMO switching which depends -even in sign -on the "frozen-in" orientation of interfacial Ru magnetic moments [22] . The freezing of Ru spins results from the strong increase of SRO magnetocrystalline anisotropy at low temperatures.
While early work assumed collinear ferromagnetic order in both components, an enlarged in-plane Ru magnetic moment at interfaces has been derived by Kim et al. from neutron depolarization data [23] . In the bulk of SRO layers grown at coherent in-plane lattice parameter of 3.905 Å, Ru has a canted out-of-plane orientation [24] . Therefore, the existence of an interfacial exchange spring had been suggested [23] . Exchange spring formation has also been considered for other oxide interfaces [25] , including La 0.7 Sr 0.3 MnO 3 /La 0.7 Sr 0.3 CoO 3 [26] . In our recent work [6] , we demonstrate the existence of different types of LSMO-SRO interfaces in coherent LSMO/SRO bilayers on TiO 2 In this work, the investigated coherent interface is between two ferromagnets, LSMO
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This article is protected by copyright. All rights reserved temperature-dependent magnetization curves, the constant diamagnetic contribution was determined above 300 K and substrated. The XMCD experiments were performed at the BL29 BOREAS beamline at the ALBA synchrotron radiation facility. The X-ray absorption was measured using circular polarized light with the photon spin parallel (σ
with respect to the magnetic field. The field direction was equal to the beam direction.
Spectra were collected with the beam in normal incidence (along pseudocubic 001 direction)
and along the 100 in-plane direction with a 20 o out-of-plane tilting [27] . The spectra were recorded using the total electron yield method (by measuring the sample drain current) in a chamber with a vacuum base pressure of 2 × 10 −10 mbar at T = 60 K, after samples had been cooled in a field of 3 Tesla. The Mn-XMCD hysteresis loops were obtained by measuring, as a function of applied field, the Mn L 3 edge XMCD signal at the energy where the XMCD signal is maximum.
III. RESULTS AND DISCUSSION
In Fig.1 , the spin configuration of the exchange spring in the LSMO-SRO bilayers is presented as a starting point; it had been derived in our previous work [6] . At the interface, the 180 o antiferromagnetic exchange coupling of Mn and Ru moments is "rigid" in the applied fields In the following, the cooling-field dependent magnetization behavior resulting from different thicknesses of the SRO layer is discussed stepwise. It is important to be aware of the fact that the applied magnetic field (< 5T) is not large enough to reach a domain-free state of the SRO layer. Therefore, the measured magnitudes of magnetization don´t belong Accepted Article terminated interface has = 13 meV, comparable to the internal coupling in LSMO. We speculate that this may Accepted Article = 13 meV, comparable to the internal coupling in LSMO. We speculate that this may
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The case of the next-thicker SRO layer (10 uc) is summarized in Fig.3 
. While the M(H)
loop up to 5 T shows again weak hysteresis and nearly coincides with the loop for 7 uc SRO (Fig.2a) , coercive fields are slightly larger and, now, an impact of the cooling field is clearly visible (Fig.3a) . This hypothesis is further supported below, where T 2 in dependence on the warming field is analyzed (Fig.5b) . Note again that domains must be present beside the interfacial exchange spring, because the magnitude of the switching magnetization is much too small for a laterally uniform layer magnetization; the described mechanism takes place in a fraction of the bilayer volume. Finally, we consider the even thicker SRO top layer of 14 uc (Fig.4) . M(T) curves resemble those of the 10 uc SRO sample (Fig.3b) . Additionally, a clear kink is now visible at the SRO Curie temperature of 140 K. The second anomaly appears at T 2 = 105 K.
Figs.5 a,b summarize data on the reorientation transition at T 2 for the impact of the SRO layer thickness (Fig.5a ) and the magnetic field (H W ) applied during M(T) warming runs (Fig.5b) . For 7 uc SRO, no T 2 exists (T 2 = 0). For 14-20 uc SRO, T 2 seems to saturate near 115 K in 0.1 T for 9 uc LSMO. We insert an additional point with slightly thinner LSMO of 8 uc in order to visualize possible scattering of T 2 values among samples; naturally, the T 2 value for 8 uc LSMO must be larger than for 9 uc. For 10 uc SRO, the exchange spring is distinctly weaker than for thicker SRO, allowing the Zeeman energy to drive the LSMO reorientation at lower temperature (85 K). Since T 2 saturates above 14 uc (5.5 nm) SRO, this seems to be the maximum thickness of the exchange spring. In agreement with the Zeeman energy argument, a larger measuring field reduces T 2 linearly within a certain range of field and temperature (Fig.5b) . This linear trend cannot go on to low temperatures (like 10 K), since it does not include the growth of SRO magnetic anisotropy. The slope of T 2 (H W ) is the larger, the thicker the LSMO layer is, in agreement with the Zeeman energy change. Curves for the
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The remanen [10] , and references therein). We note that the magnitude of the field required to twist the exchange spring can be tuned by the thickness of the coupled LSMO layer which drives the switching by Zeeman energy. On the other hand, the twisted exchange spring would be associated with electric polarization according to the relation introduced by Katsura et al., P  e ij x (S i x S j ) with the electric polarization vector P, neighboring spins S i and S j and their connecting unit vector e ij [29] . This is one of the well- show dominating MnO 2 termination with moderate intermixing [6] , providing the strong coupling needed for an exchange spring. The second precondition is sufficiently small magnetic anisotropy in the interface-near SRO. This is in striking contrast with the large bulk magnetocrystalline anisotropy of SRO. Therefore, the logical consequence is a strongly reduced interfacial anisotropy in SRO. We speculate that a structural instability of SRO between an orthorhombic and a tetragonal phase is involved such that SRO has a tetragonal structure at the interface and reduced anisotropy in an elastic "crossover range" connecting the orthorhombic top part of thicker (≥14 uc) SRO films. The difference between the two structural phases manifests itself in the rotation patterns of oxygen octahedrons [30, 31] . LSMO and SRO, probably underlying case (iii), is another possibility. Better understanding of this last mechanism which is generally active at oxide interfaces is necessary to identify the true source of interfacial tetragonal SRO symmetry in our samples.
In conclusion, we investigated coherent interfaces between two oxide ferromagnets, 
